Objectives: The enlargement of the left atrium has been identified as a marker of chronically increased left ventricular filling pressure and left ventricular diastolic dysfunction. This study aims to evaluate the association of indexed left atrial diameter with stroke, cardiovascular mortality, the combined event, and all-cause mortality in patients who underwent aortic valve surgery.
Indexed LA diameter is a strong predictor of long-term outcomes in patients undergoing AVS.
Perspective
Indexed LA measurements reflect the burden of elevated LV filling pressure and LV diastolic dysfunction in patients undergoing AVS and have demonstrated their value to predict the long-term outcomes of these patients. Further research should address whether indexed LA diameters may be useful to guide the best therapy for aortic valve diseases.
See Editorial Commentary page 1285.
Different left atrial (LA) measurements have been proposed as predictors of long-term outcome in the general population, 1,2 but also in specific subgroups of patients, such as those with left ventricular dysfunction, 3 myocardial infarction, 4 or hypertrophic cardiomyodiopathy. 5 However, little information is available in the literature on the relationship between indexed LA size and outcome among patients who are referred for aortic valve surgery (AVS).
The enlargement of the left atrium has been identified as a marker of chronically increased left ventricle (LV) filling pressure and LV diastolic dysfunction. 6 Increased nonindexed LA diameter has been described as a marker of diastolic dysfunction among patients with asymptomatic aortic stenosis, 7 as well as a factor of poor outcome in patients undergoing AVS. 8 However, little is known about the long-term prognostic value of indexed LA diameter in patients with chronic LV pressure or volume overload due to an aortic valve condition. The aim of this study is to determine the association between indexed LA diameter with all-cause mortality and cardiovascular mortality, as well as with stroke and the combined event cardiovascular death or stroke in a large cohort of patients with aortic valve diseases who underwent AVS.
MATERIALS AND METHODS
Between January 2008 and March 2016, 2460 adult patients (age >18 years) underwent AVS at Complejo Hospitalario Universitario de A Coruña. For each patient, the first comprehensive transthoracic echocardiogram was selected. We excluded 400 patients for whom the LA indexed size was not reported and 49 patients for whom no follow-up data were available. Thus, 2011 patients were finally included. The study was approved by the local research ethics committee (Comit e Etico de Investigaci on Cl ınica de Galicia) (Study Identification Number 2016/259).
Clinical Data
Demographic, clinical, and echocardiographic data were entered in our surgical database. The study was completed using linked clinical and administrative databases, as well as electronic medical records through the Department of Information Technology of Complejo Hospitalario Universitario de A Coruña. Data sources were linked using unique identifiers.
A history of atrial fibrillation was defined as atrial fibrillation recorded at the time of the admission for AVS or any previously known episode of atrial fibrillation. Creatinine clearance was calculated using the Cockcroft-Gault formula. Extracardiac arteriopathy was defined as 1 or more of the following factors: claudication, carotid occlusion or more than 50% stenosis, amputation for arterial disease, and previous or planned intervention on the abdominal aorta, limb arteries, or carotid arteries. Chronic lung disease was defined as long-term use of bronchodilators or steroids for lung disease. Active endocarditis was considered when the patient was still receiving antibiotic treatment for endocarditis at the time of surgery.
Postoperative standard anticoagulation with vitamin K antagonists (VKAs) and heparin was initiated after surgery in all patients receiving a mechanical prosthesis, patients with chronic or new-onset atrial fibrillation or atrial flutter, or patients with other less common indications to the appropriate target international normalized ratio, as recommended by current practice guidelines.
Echocardiographic Data
Echocardiograms were performed in the left lateral decubitus position using standard imaging planes, according to the recommendations of the American Society of Echocardiography. 9 LA diameter was measured using M-mode or 2-dimensional echocardiography, from the posterior aortic wall to the posterior LA wall, in the parasternal long-axis view at the end-ventricular systole (ie, just before the mitral valve opening), as we have previously reported. 10 LA size was indexed by dividing by body surface area (BSA) according to the recommendations of the American Society of Echocardiography. 9 Although there are sex differences in LA size, these are nearly completely accounted for by variation in body size. 9, 11, 12 LA enlargement was defined as an indexed LA diameter of 2.3 cm/m 2 or greater; an indexed LA diameter below this value defined normal LA size. LA enlargement was further classified as mild (indexed LA diameter, 2.4-2.6 cm/m 2 ), moderate (2.7-2.9 cm/m 2 ), or severe (!3 cm/m 2 ) in accordance with the recommendations of the American Society of Echocardiography. 9 Left ventricular ejection fraction (LVEF) was estimated using the Teichholz formula or Simpson's rule. Normal LV function was defined as LVEF 55% or greater. 9 Left ventricular systolic dysfunction was classified as mild (LVEF 45%-54%), moderate (30%-45%), or severe (<30%) in accordance with the recommendations of the American Society of Echocardiography. 9 Pulmonary hypertension was classified according to the systolic pulmonary artery pressure classified as moderate (31-55 mm Hg) and severe (>55 mm Hg). Significant mitral valve disease was defined as more than mild mitral regurgitation or significant mitral valve stenosis.
Follow-up and Outcome Measures
Follow-up data were retrieved from healthcare databases, electronic medical records, and death certificates. The outcomes were stroke, cardiovascular mortality, the combined event, and all-cause mortality.
Cardiovascular death was defined as death due to acute myocardial infarction, sudden cardiac death, heart failure, stroke, cardiovascular procedure, cardiovascular hemorrhage, and other cardiovascular causes (ie, nonstroke intracranial hemorrhage, nonprocedural or nontraumatic vascular rupture, or pulmonary hemorrhage from a pulmonary embolism) as recommended by the American College of Cardiology. 13 Ischemic stroke was defined as codes 433.x1, 434.x1, and 436 of the International Classification of Diseases, Ninth Revision.
Statistical Analysis
The quantitative variables are expressed as mean and standard deviation or median and rank, when appropriate; the qualitative variables are expressed as an absolute value (n) and the percentage. For bivariate analysis, proportions were compared with contingency tables by means of the chisquare test. Student t test or Wilcoxon rank-sum test was used to compare means. One-way analysis of variance was used to determine potential differences in several quantitative variables among the different LA sizes.
Survival was determined with Kaplan-Meier methodology. Differences in the probability of survival between groups were analyzed with the logrank (Mantel-Cox) test. Binary logistic regression analysis was performed to study the potential impact of indexed LA diameter on operative mortality.
Cox proportional hazards regression models were used to assess the associations between indexed LA diameter and outcomes. Adjusted hazard ratio (HR), 95% confidence intervals (CIs), and P values were derived. The assumption of proportionality of hazards was verified using log-minus-log survival plots. Separate analyses were performed using indexed LA diameter as a continuous variable or categorized according to the severity criteria of the American Society of Echocardiography. 9 The linearity assumption of the continuous variables in the model was evaluated by applying restricted cubic spline transformations to the continuous measures using 3 degrees of freedom.
Fine-Gray proportional hazard regression for competing events (death) was used to assess the associations between indexed LA diameter and stroke, also adjusting for covariates. Multivariate Cox proportional hazards Patients with LA enlargement were significantly older, more frequently female with increased mean body mass index and BSA, and a higher rate of arterial hypertension and history of atrial fibrillation (Table 1) . LA enlargement was associated with a higher rate of preoperative LV dysfunction (23% vs 17%, P ¼ .003) and moderate to severe pulmonary hypertension (36.6% vs 17.7%, P<.001), as well as a higher rate of significant mitral valve disease and need for a mitral valve procedure (Table 1) . Of note, an enlarged left atrium was significantly more prevalent in patients with aortic valve stenosis (579 patients, 37.8%) than in patients with aortic valve regurgitation (99 patients, 28.4%) (P ¼ .001).
Mean indexed LA diameter was significantly higher in the group of patients with atrial fibrillation (2.8 AE 0.5 cm/m 2 vs 2.4 AE 0.4 cm/m 2 , P <.001). Standard anticoagulation with VKAs at the time of surgery was significantly more frequent in patients with an enlarged LA (n ¼ 156, 21.6%) than in patients with a normal LA (n ¼ 80, 6.2%) (Table 1) (P < .001). The indication for preoperative VKAs was atrial fibrillation in all these patients. Operative data are shown in Table 1 .
The mean European System for Cardiac Operative Risk Evaluation (euroSCORE) I and II were 8.4% AE 7.4% and 4.3% AE 4.6%, respectively. Patients with LA enlargement presented a significantly higher euroSCORE I and II (Table 1) .
A total of 181 patients (9%) had undergone a previous cardiac surgery. A history of cardiac surgery was more frequent among patients with LA enlargement (11.1% vs 7.8%, P ¼ .015). An additional procedure at the time of the AVS was accomplished in 768 patients (n ¼ 37.5%). The associated procedures are summarized in Table 1 . Cardiopulmonary bypass and aortic crossclamping times were 98.8 AE 57.9 minutes and 76.3 AE 33.7 minutes, respectively.
The median intensive care unit stay was 2 days (range, 1-92 days), and the median in-hospital stay was 7 days (range, 3-152 days). Overall in-hospital mortality was 5.5% (111 patients). Overall in-hospital mortality for isolated AVS was 4.5% (52 patients) and reached 6.9% (59 patients) in combined AVS. There were no statistically significant differences in overall in-hospital mortality between the enlarged LA and normal LA groups (6.6% vs 4.9%, P ¼ .1), in isolated AVS in-hospital mortality (4.7% vs 4.4%, P ¼ .76), and in combined AVS in-hospital mortality (9.1% vs 5.6%, P ¼ .07). Indexed LA diameter also was excluded as an independent risk factor for in-hospital mortality in a binary logistic regression analysis (odds ratio, 1.061; 95% CI, 0686-1.642; P ¼ .789) (Table E1) .
Left Atrial Size and Outcomes
Follow-up consisted of 5942.4 patient-years, and the mean follow-up was 3.2 AE 2.1 years. After hospital discharge, there were 334 deaths and 97 strokes during follow-up.
Causes of death are summarized in Table 2 . After hospital discharge, the most common cause of late death was cardiac disease (106 patients, 23.8%) followed by infectious disease (80 patients, 18%) and cancer (33 patients, 7.4%) ( Table 2 ). Cardiac cause of death was significantly more frequent among patients with LA enlargement (87 deaths, 39% vs 19 deaths, 8.6%, P < .001). When considering inside cardiovascular mortality all the other causes recommended by the American College of Cardiology, cardiovascular deaths accounted for 55.9% of overall late deaths (n ¼ 249). Cardiovascular mortality also remained significantly more frequent in the group with an enlarged LA (153 deaths, 68.6% vs 96 deaths, 43.2%, P < .001). In 43 patients (9.7%) of the whole series, the cause of late death could not be determined. The 65.6% of patients with an unknown cause of death were aged more than 75 years.
All-cause cumulative survival at 1 and 5 years was 94.6% and 91.6% among patients with normal LA size, 90% and 65.9% among patients with mild LA enlargement, 87.7% and 59.9% among patients with moderate LA enlargement, and 83.5% and 60.7% among patients with severe LA enlargement, respectively (P <.001) (Figure 1 , A; Table E2 ).
Cardiovascular cumulative survival at 1 and 5 years was 99.7% and 97.6% among patients with normal LA size, 96% and 86.8% among patients with mild LA enlargement, 95.9% and 77.9% among patients with moderate LA enlargement, and 96.1% and 77.4% among patients with severe LA enlargement, respectively (P <.001) (Figure 1 , B; Table E2 ).
In bivariate analysis, indexed LA diameter was significantly associated with all-cause mortality during follow-up (HR per 1-cm/m 2 increment, 2.251; 95% CI, 1.892-2.677; P < .001). After covariable adjustment, multivariate Cox regression analysis showed indexed LA diameter as an independent predictor of all-cause mortality (adjusted HR per 1-cm/m 2 increment, 1.545; 95% CI, 1.252-1.906; P <.001) (Table E3) .
Likewise, bivariate analysis suggested that indexed LA diameter was significantly associated with cardiovascular mortality during follow-up (HR per 1-cm/m 2 increment, 1.871; 95% CI, 1.506-2.326; P < .001). After covariable adjustment, multivariate Cox regression analysis confirmed indexed LA diameter as an independent predictor of cardiovascular death (adjusted HR per 1-cm/m 2 increment, 1.971; 95% CI, 1.541-2.520; P <.001) (Table E4) .
There were 97 ischemic stroke events (4.8%) during the follow-up period. Freedom from stroke survival at 1 and 5 years was 98.5% and 94% among patients with normal LA size, 98.2% and 90.9% among patients with mild LA enlargement, 98.2% and 91.4% among patients with moderate LA enlargement, and 96.4% and 91.3% among patients with severe LA enlargement, respectively (P ¼ .226) (Figure 2, A) .
In bivariate analysis, indexed LA diameter was significantly associated with the risk of stroke during follow-up (HR per 1-cm/m 2 increment, 1.507; 95% CI, 1.072-2.119; P ¼ .018). However, competing risks regression could not confirm that indexed LA diameter was associated with a higher risk of stroke (HR per 1-cm increment, 1.237; 95% CI, 0.724-2.114; P ¼ .68) (Table E5) .
During the follow-up period, 313 patients (15.6%) had a stroke or a cardiovascular death, among whom 31 (1.5%) presented both events. Freedom from the combined event at 1 and 5 years was 93.3% and 87.2% among patients with normal indexed LA size, 89.3% and 74.5% among patients with mild LA enlargement, 89.9% and 68% among patients with moderate LA enlargement, and 84.2% and 64.5% among patients with severe LA enlargement, respectively (P <.001) (Figure 2, B) .
In bivariate analysis, indexed LA diameter was significantly associated with the risk of a combined event during follow-up (HR per 1-cm increment, 1.989; 95% CI, 1.685-2.347; P < .001). After covariable adjustment, multivariate Cox regression demonstrated indexed LA diameter as an independent risk factor for the combined event (HR per 1-cm/m 2 increment, 1.673; 95% CI, 1.321-2.119; P <.001) (Table E6) .
Finally, a separate analysis was performed in patients according to the type of aortic valve lesion. Figure 3 depicts the cardiovascular cumulative survival in patients with aortic valve stenosis (Figure 3 , A) and in patients with aortic valve regurgitation (Figure 3, B) . In both subgroups, cardiovascular cumulative survival at 1 and 5 years was worse among patients with an enlarged LA. Indexed LA diameter was confirmed in an adjusted multivariate Cox regression analysis (Tables E7 and E8 ) as an independent predictor of cardiovascular death in patients with aortic valve stenosis (adjusted HR per 1-cm/m 2 increment, 1.947; 95% CI, 1.454-2.607; P <.001) or regurgitation (adjusted HR per 1-cm/m 2 increment, 1.925; 95% CI, 1.076-3.444; P ¼ .027).
DISCUSSION
Our study demonstrates that indexed LA measurement is a strong predictor of long-term outcomes in patients with aortic valve disease undergoing surgery. In a population of 2011 patients undergoing AVS, the presence of an enlarged LA preoperatively was associated with higher long-term all-cause and cardiovascular mortality, as well as with the combined event stroke and cardiovascular mortality.
Beach and colleagues 8 found that severe preoperative LA dilatation, expressed as nonindexed LA diameter, was predictive of a larger residual LA size and substantially reduced long-term survival after AVS in patients with aortic stenosis.
To the best of our knowledge, this is the first study addressing the value of indexed LA diameter as a predictor of long-term results in this subset of patients who typically present an impaired diastolic LV function and chronically elevated LV filling pressures.
Different LA measurements have been identified as predictors of stroke and death in the general population. 1, 2, 15 LA size increases with persistently elevated LV filling pressure and has been correlated with the severity of aortic valve stenosis. [16] [17] [18] Casaclang-Verzosa and colleagues 7 demonstrated that nonindexed LA diameter was related to mortality in asymptomatic patients with severe AS. In our study, LA enlargement was significantly more prevalent among patients with aortic valve stenosis than those with regurgitation. Table E2 reports Kaplan-Meier survival at 1, 3, 5, and 7 years for each panel of each figure, including 95% confidence limits. ACQ LA enlargement also is a common echocardiographic finding in hypertensive patients. [19] [20] [21] Cuspidi and colleagues 19 related LA size and enlargement to LV mass and hypertrophy. Our findings are in line with those from other authors, and the group with LA enlargement presented a significantly higher rate of arterial hypertension.
In both types of patients, the increase of LV end-diastolic pressure is associated with an increase in diastolic filling and a significant reduction of active and passive emptying contribution of left atrium to LV stroke volume. 22 In hypertensive patients, strokes have been associated with larger LA sizes. 21 In 2013, Shin and colleagues 23 suggested that LA enlargement influenced most patients in all subtypes of ischemic stroke but was most prevalent in the cardioembolic stroke subtype. Although in our series, indexed LA size increased the risk of stroke in 50.7% per 1-cm/m 2 enlargement in univariable analysis, multivariate competing risks regression could not confirm that association. However, when analyzing the combined event cardiovascular death or stroke, indexed LA size proved to be an independent risk factor in the multivariate analysis. In our series, we found that 15.6% of the patients had a cardiovascular death or a stroke, among whom 31 had both events. There was a 67.3% increase in the risk of cardiovascular death or stroke per each centimeter per square meter of increment in indexed LA diameter.
More than 73% of the patients in this series received a biological AV prosthesis. This proportion was significantly higher among patients with an enlarged LA. The rationale behind this finding is that the group with LA enlargement was significantly older and therefore more prone to benefit from a biological prosthesis. Of note, the multivariate analysis did not confirm any specific surgical procedure over the aortic valve (repair, bioprosthesis, or mechanical prosthesis) as an independent predictor for long-term survival.
Despite a higher expected operative mortality as determined by both euroSCORE I and II, observed in-hospital mortality was not significantly higher in the group with enlarged LA. Our results demonstrate that an enlarged LA poses a significant risk of all-cause mortality in patients undergoing AVS. We found a 54.5% higher risk of all-cause mortality per 1-cm/m 2 increment in indexed LA diameter. By using the definition of cardiovascular death as recommended by the American College of Cardiology, 13 we found 249 cardiovascular deaths in the whole series. Cardiovascular deaths accounted for 66.8% of late deaths in the group of LA enlargement, being significantly more frequent than in patients with normal LA dimensions. Moreover, indexed LA size increased the risk of cardiovascular death in more than 97.1% per 1-cm/m 2 increment. This finding emphasizes the paramount importance of an enlarged LA in patients with aortic valve diseases who undergo an AVS.
CONCLUSIONS
Indexed LA measurements reflect the burden of elevated LV filling pressure in this critical subset of patients. Indexed LA diameters are strong predictors of long-term outcome of these patients; therefore, they may be useful to guide the best therapy for aortic valve diseases. These indexed measurements should become a routine laboratory measure in the preoperative evaluation of patients with aortic valve diseases (Video 1).
Finally, future efforts should focus on assessing the postoperative change in indexed LA size and its potential value as a marker of the degree of relief of LV volume or pressure overload and therefore of the surgical result.
Study Limitations
This study presents the limitations inherent in any retrospective study. A total of 400 patients were excluded from the study because of the absence of echocardiographic data regarding LA dimension. Risk factors of excluded and included patients have been compared. There were no statistically significant differences between both groups (Table E9) .
Although we performed a thorough search across several databases, the cause of late death could not be determined in 43 patients. On the other hand, as described by Lauer and colleagues, 24 the ascertainment of the cause of death may be susceptible to bias and misclassification.
Although we controlled for several important covariables, because this was an observational study, residual confounding may account for at least part of the observed differences in outcome.
Some studies have pointed out that LA volume is a more reliable estimator of LA size than LA diameter 9, 25 and may be a more accurate predictor of cardiovascular events. 26 Nevertheless, indexed LA diameter is more readily available and more widely used in clinical practice. In addition, LA diameters, when indexed to BSA, account for the sex differences in LA size by variation in body size. 9, 11, 12 Finally, enlargement of the LA mainly represents the chronic effect of elevated LV filling pressures on the LA. However, this study did not analyze the prognostic role of diastolic parameters, such as the mitral septallateral e 0 and E/e 0 ratio. 9 Further studies are warranted to compare the prognostic role of LA enlargement with other parameters of LV diastolic function, such as the mitral septal-lateral e 0 and E/e 0 ratio.
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